Background: HIV-1 group M is characterized by substantial genetic diversity, and includes nine subtypes, more than 45 circulating recombinant forms (CRFs), and numerous unique recombinant forms (URFs). In France, the epidemic is characterized by predominance of subtype B strains, increasing prevalence of non-B subtypes (CRF02_AG being the most prevalent) and increasing at-risk behaviour in the MSM population. The high prevalence and co-circulation of B and CRF02_AG strains in this population raise the possibility that recombinant forms might emerge and spread.
Introduction
HIV displays extraordinary genetic diversity, due to its simian origins, errors in reverse transcription during viral replication and recombinogenic properties [1] [2] [3] [4] . HIV-1 group M (HIV-M, major), responsible for the current pandemic, is classified into nine subtypes and more than 40 circulating recombinant forms (CRFs; [5] ) these latter accounting for 20.5% of all HIV infections [6] . In addition, numerous unique recombinant forms (URFs) have been identified in one or several patients, with no associated epidemic [2] [3] [4] . These CRFs/URFs emerge 'locally' in conditions in which two strains of different subtypes predominate [3, 4] and can spread widely in populations at risk, such as intravenous drug users (IDUs) [7] [8] [9] [10] or in the heterosexual population [11] .
The biological and clinical consequences of these recombinants have not been clearly demonstrated. However, an understanding of the reasons for their emergence and spread in certain populations is essential for epidemiological analyses and to assess the virological hypothesis of better adapted biological properties or greater fitness [12, 13] .
In France, recent molecular epidemiology studies have demonstrated the predominance of subtype B viruses, with a continual increase in the prevalence of non-B forms, 50% of which are CRF02_AG [14] [15] [16] [17] [18] . Very recently, Galimand et al. [19] showed that 8.3% of the strains in a cohort of patients with primary HIV infection were mosaic forms involving firstgeneration CRFs, including a large number involving CRF02_AG.
These epidemiological observations and the high prevalence of subtype B and CRF02_AG raise the possibility that one or several CRFs involving these two subtypes might emerge in France. The description of a new CRF requires the description of the complete viral genome in three different patients with no epidemiological links [5] . To our knowledge, no CRF and only two URFs B/CRF02_AG have been described in individuals with no epidemiological link: one in Cyprus [20] and one in Spain [21] . Here, we report the characterization of seven new distinct URFs involving subtype B and CRF02_AG, identified in unlinked individuals living in France.
Materials and methods
Plasma or peripheral blood mononuclear cell (PBMCs) samples from seven patients (P1-P7) living in France were studied due to discordances between subtyping results obtained for the reverse transcriptase, protease and/or envelope regions, during antiretroviral resistance analyses or molecular epidemiology studies (ANRS Observatory of HIV Diversity and Primo Cohort) [19, 22] . Viral RNA was amplified and near full-length genome sequences were obtained for the samples from P1 to P5 as follows (and supplementary methods, http://links.lww.com/QAD/A143). For patients with a viral load greater than 4 log (P1, P3, P4 and P5), we used an initial amplification strategy based on XL-RT-PCR followed by nine overlapping nested PCRs. If necessary, nonamplified regions were subjected to complementary PCRs. For P2 (VL < 4 log), six overlapping RT-PCRs, followed by 18 nested PCRs were carried out. PCR products were subjected to direct sequencing, as previously described [23] .
Intracellular proviral DNA was amplified from the samples from P6 and P7 and the near full-length genome was sequenced, as previously described [24] .
The subtype assignments and breakpoint intervals for inferring recombination patterns of our strains and the one from Cyprus were determined with specific tools (supplementary methods, http://links.lww.com/QAD/ A143). Phylogenetic networks were computed using Splitstree in partial pol and env genes to confirm the subtype assignments and assess the relationships between our samples, the two URFs B/CRF02_AG previously described, and nine partial sequences of B/CRF02_AG mosaic forms in the pr-RT region (supplementary methods, http://links.lww.com/QAD/A143).
We searched for putative parental strains and confirmed breakpoints for the samples from P1 to P5 by single genome amplification (SGA), adapted from the study by Salazar et al. [25] (supplementary methods, http://links.lww.com/ QAD/A143). The quasi-species sequenced for each sample were aligned with subtype B and CRF02_AG reference sequences and BioEdit, jpHMM and NCBI genotyping used to search for non-recombinant or minor-recombinant patterns.
Results
Samples were collected from six men and one woman, aged 25-67 years (supplementary Table 1 , http:// links.lww.com/QAD/A143); all except P4 were Caucasian. Most belonged to the male homosexual high-risk group, with the exceptions of P2 (IDU) and P4 (no information available). Screening was recent, with diagnosis in 2002-2010. The date of contamination could not be estimated for P1-P5, but confirmatory Western blot analyses were not consistent with recent infection. The diagnosis was made at the time of primary Fig. 1 . Recombination patterns of the seven unique recombinant forms identified in France and the two recombinants previously identified in Cyprus (FJ388896) and Spain (DQ926899). Subtype assignments, breakpoint intervals (according to HXB2 numbering) and recombination patterns were determined using several methods (see supplementary methods, http://links.lww. com/QAD/A143), except for the pattern of DQ926899, taken directly from the publication [21] . Hatched regions are breakpoint intervals or ambiguous regions were the two subtypes B and CRF02_AG are involved. recombinant partial sequences in this region available from the LANL HIV sequence database ( Ã ) and with a reference infection for P6 and P7. At the time of sampling, the patients had a mean CD4 cell count of 415 cells/ml and viral loads were between 3.7 and 6.2 log 10 copies/ml. We characterized the near full-length genome of each URF found in the seven patients, over a mean length of 8775 bp (range: 8295-9608, see supplementary Table 1 , http://links.lww.com/QAD/A143). Graphical representations of each URF structure showed seven unrelated recombination patterns, each implying four to eight breakpoints (Fig. 1) . Two of these URFs involved a third subtype: the Env gp120 region of URF1 belongs to subtype D, and a region encompassing the end of the accessory genes and the start of env gp120 in URF5 belongs to subtype G. Our seven URFs were distinct from the two URFs previously published (Fig. 1 ). Breakpoints were found throughout the genome, but with different frequencies in the genes, with apparent hotspots in pol and accessory genes (supplementary Fig. 1 , http://links.lww.com/QAD/ A143).
The regions encompassing one of the breakpoints identified in the pol gene in URF1, URF2, URF3 and URF5 and in the env-nef junction in URF4 were analysed by SGA. Eight sequences were obtained for URF1 and URF3, 10 for URF4 and URF5, and 11 for URF2. The recombination patterns observed were identical for all SGA sequences from a given URF and were identical to that identified after bulk amplification and sequencing. No evidence of any parental strain or minor recombinant was obtained in any sample, although natural polymorphism was observed for all URFs (data not shown).
Phylogenetic network analyses indicated no significant clustering between any of the seven new URFs B/ CRF02_AG in pol (Protease and beginning of reverse transcriptase; Fig. 2a ), or with the two published URFs from Spain and Cyprus, or with the nine B/CRF02_AG partial sequences available in this region. Sequences from URFs 4, 6 and 7, and from FJ88896 (from Cyprus) fell independently into the CRF02 radiation, consistent with the absence of breakpoint in this region (Fig. 1) . By contrast, URFs 1, 3 and 5, DQ926899 (from Spain) and URF2 -all with breakpoints in this region (Fig. 1) fell outside the CRF02 and the subtype B clusters ( Fig. 2a) , like the B/CRF02_AG partial recombinant sequences of the LANL database. In env (gp120; Figs 1 and 2b), the subtype assignment was confirmed for URF1 (subtype D), URF2 and URF6 (subtype B), whereas the sequences presenting breakpoints in this region (URFs 3, 4, 5 and 7) fell outside any reference sequence cluster. Interestingly, URF3 and URF7 were closely related (bootstrap value ¼ 100% after 1000 bootstrap replicates), despite their breakpoint positions being separated by more than 200 base pairs. Analysis of the first 350 nucleotides of the gp120 coding sequence of URF3 and URF7 (belonging to subtype B) indicated no link (data not shown), but the link was confirmed in regions where both sequences are CRF02_AG: the env fragment from positions 6800 to 8000, the full gag coding sequence, the end of the integrase and full vif coding sequence (data not shown).
Discussion
We report the first characterization of URFs involving the two HIV-1 forms predominant in France (B and CRF02_AG), with the presence of a third subtype for two of them.
CRF02_AG circulates widely in France, due to close links to West Africa, where this form is prevalent [6] . Although subtype B was initially associated with the MSM and heterosexual French population, and CRF02_AG with heterosexual migrants from sub-Saharan Africa, they now co-circulate in the MSM population [26] , leading to recent identification of clusters of CRF02_AG viruses [18, 27] . Furthermore, the epidemiological situation in France has recently been characterized by an increase in at-risk behaviour [28] and a higher incidence in the MSM population [27, 29] . This is in favour of the occurrence of co-infection/ superinfection phenomena in this community, potentially giving rise to B/CRF02_AG recombinants; a similar context has recently led to the emergence of the CRF50_A1/D in the MSM population in the UK [30] . This possibility is supported by our identification of at least five URFs in Caucasian patients of the MSM population, and by the phylogenetic link between URF3 and URF7, suggesting that these forms share an ancestral CRF02_AG strain and that they recombined independently with two distinct strains of subtype B. One of B/02 recombinant forms circulating in France Leoz et al. 1375 these forms (URF7) is also associated with a cluster of strains recently identified in the MSM population of Paris (Velter et al., submitted) . A comparison of the pol and env fragments with the sequence of URF7 revealed a very close phylogenetic relationship, suggesting a possible spread of this form (Velter et al., submitted) . The absence of a common pattern or a phylogenetic relationship with either the two other URFs from Cyprus [20] and Spain [21] , or partial B/CRF02_AG Pol sequences listed in the LANL HIV database are in favour of 'local' recombination, rather than the importation of pre-established strains circulating in other geographic regions.
Characterization of complete genomes revealed recombination breakpoints all along the genome. The apparent hotspot at the beginning of pol is almost certainly an overrepresentation of the breakpoints at the protease to reverse transcriptase junction, due to selection of samples on the basis of this discordance; nevertheless, a stable RNA hairpin has been identified in this region that could promote template switching [31] . Another hotspot was found in vpu, corresponding to the overlapping start of env, in concordance with the high recombination frequency in this region [32] , as in other gene borders [33] .
Single-genome analysis confirmed that the breakpoints found in the near full-length genomes of URF1 to URF5 were not artefactual, and conserved among all the sequences from a given sample. The absence of putative parental strains and of different recombinant forms suggests direct transmission of these forms. However, in the absence of a known contamination date, we cannot completely exclude the possibility of emergence followed by predominance of the recombinant form over time.
The description here of second-generation URFs confirms the continually dynamic nature of the evolution of genetic diversity of HIV reported in the past few years [6, 11, 19, 34, 35] . The identification of such URFs improves our understanding of the dynamics of HIV infection and the genesis and emergence of CRFs. Other studies have highlighted the greater fitness of recombinant strains, which therefore have the potential to become predominant [12, 13] . It is now necessary to produce molecular clones of our new URFs for further fitness analyses. It is also necessary to monitor the spread of these URFs within the MSM population to assess whether they are the precursors of a forthcoming CRF_B/02 in France.
